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Abstract. During a bora event, the turbulence is strongly de-
veloped in the lee of the Dinaric Alps at the eastern Adri-
atic coast. In order to study its properties, a 3-D ultra-
sonic anemometer operating at 4Hz sampling frequency was
placed in the town of Senj at 13m above ground. The strong
bora case that occurred on 7 January and lasted till 11 Jan-
uary 2006 is analyzed here. This data set is used for evalua-
tion of the turbulent kinetic energy, TKE, and its dissipation
rate, ε. The computation of ε is performed using the inertial
dissipation method. The empirical length scale parameter for
this event is estimated with respect to ε and TKE. Some con-
siderations about deﬁning turbulent perturbations of the bora
wind velocity are also pointed out.
Keywords. Meteorology and atmospheric dynamics
(Mesoscale meteorology; Instruments and techniques)
1 Introduction
Downslope windstorms occur at different locations world-
wide, as found in e.g. ´ Olafsson and ´ Ag´ ustsson (2007) in
their brief review regarding this subject. They mention the
Boulder windstorms in westerly ﬂow in North America,
windstorms in Norway in westerly ﬂow, Greenland wind-
storms in both westerly and easterly ﬂow, downslope wind-
storms in southerly ﬂow in the Alps, as well as bora wind-
storms in northeasterly ﬂow over the Dinaric Alps. Although
these winds share some similar dynamical patterns, they also
greatly differ due to the phenomena such as breaking grav-
ity waves, hydraulic jumps, atmospheric rotors, gap jets,
boundary-layer separation, ﬂow splitting and non-stationary
ﬂow behaviour (e.g. Gohm et al., 2008). Due to possible
severity these winds represent one of the biggest weather
threats to vegetation, infrastructure, trafﬁc and lives. There-
fore, there is a great and continuous interest in the broader
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meteorological community and signiﬁcant amount of effort
is invested in downslope windstorms studies.
Besides more pleasant airﬂows at the northeastern Adri-
atic coast, such as sea and land breezes (e.g. Prtenjak et al.,
2008), therearetwoother, morevigorouswindtypes; sirocco
(e.g. Pasari´ c et al., 2007) and bora (e.g. Jurˇ cec, 1981). Bora
(locally bura) is a downslope windstorm that blows from
the northeastern quadrant in the lee of the coastal mountains
when the relatively cold northeasterly ﬂow impinges on the
Dinaric Alps (e.g. Yoshino, 1976; Poje, 1992). The most fre-
quent occurrence of bora is during the winter season with du-
ration from several hours to several days (e.g. Jeromel et al.,
2009). It possesses a wide spectrum of average wind speeds,
and due to strong gustiness the speed maxima may surpass
60ms−1 (e.g. Beluˇ si´ c and Klai´ c, 2006).
There is a large body of work on bora trying to explain
its nature. The most recognized explanation can be found
in Smith (1987). He pointed out the hydraulic behaviour of
the mean bora ﬂow. However, the turbulent characteristics of
bora remain relatively unexplored. There are few papers in
the literature regarding this subject. Beluˇ si´ c et al. (2006) ana-
lyzed bora from the data measured in the coastal town of Senj
with a cup anemometer at 1Hz sampling frequency. They
found that the magnitude of high frequency variance (periods
less than 1min), representing the turbulence, is closely re-
lated to the mean wind speed magnitude. This indicates that
the near-surface turbulence is primarily generated locally by
friction and wind shear. Conversely, at lower frequencies, i.e.
periods roughly between 1 and 10min, a pulsating variability
appears that is of non-local origin (Beluˇ si´ c et al., 2004, 2006,
2007).
Turbulent kinetic energy (TKE) is one of the most impor-
tant variables in micrometeorology because it is a measure
of the intensity of turbulence. During a bora event, due to its
dynamics and the consequent ﬂow severity, the turbulence
is strongly developed in the lee of the mountain. Beluˇ si´ c
and Klai´ c (2006) calculated TKE at Senj and Vratnik Pass
from the 4Hz data measured with ultrasonic anemometers
and found that the values of TKE can surpass 30Jkg−1.
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Fig. 1. The position of the town of Senj (indicated by black square)
where the 4Hz bora wind measurements were performed. The ter-
rain height is given every 300m.
Individual terms in the TKE budget equation (e.g. Stull,
1988) describe physical processes that generate or suppress
turbulence. One of those terms is the turbulence kinetic en-
ergy dissipation rate, ε, which describes dissipation of TKE
by molecular viscosity into the heat. Information about ε,
among the other, can provide an insight into the local tur-
bulence strength. This ﬁnds a variety of applications, e.g.
turbulence nowcasting at the airports (e.g. Frech, 2007).
Micro-scale properties of bora and other downslope wind-
storms, e.g. turbulence spectra and the consequent parame-
terization’s reﬁnement for ﬁne-scale modelling, are still sub-
jects of vigorous research (e.g. Baklanov and Grisogono,
2007; Grisogono and Beluˇ si´ c, 2008). Finding a proper set of
mixing length-scales for parameterization of turbulent ﬂuxes
in numerical models under changes between weakly- and
strongly-stratiﬁed boundary-layer conditions appears neces-
sary (e.g. Mahrt, 1998; Mauritsen et al., 2007; Gohm et
al., 2008; Zilitinkevich et al., 2008; Grisogono and Beluˇ si´ c,
2009). In particular, wave-turbulence interactions in and
around breaking mountain waves (e.g. strong to severe bora),
are sensitive to parameterizations and particular values of
TKE dissipation (e.g. Epifanio and Qian, 2008). All these
improvements needed for a more faithful turbulence parame-
terization in ever-reﬁning models are impossible without a
more complete knowledge of ε. This study deals with ε
under strong bora conditions on the basis of the high fre-
quency turbulence data which has been addressed in some
details only recently (Beluˇ si´ c et al., 2006). A 4 day bora
episode recorded in January 2006 is analysed here. A few
preliminary results of this study can be found in Veˇ cenaj et
al. (2007, 2009). Until this dataset was produced, no such
analysis could have been performed for the bora wind.
In the ﬁrst part of the paper a theoretical background of
the estimation of ε and its parameterization is pointed out. In
the second part, ε is ﬁrst estimated using inertial dissipation
method (IDM) for the 4h strongest bora interval within the 4
day episode. The signiﬁcance of those estimations is evalu-
ated by comparing ε and TKE over the entire bora episode.
In addition, the dependence of ε on the mean streamwise ve-
locity component, U, is investigated. Some considerations
about the characteristics turbulent length scale, 3, are car-
ried out. Finally, our concluding remarks are summarized in
the last section.
2 Data
The 3-D wind velocity measurements were performed at
Senj (44.99◦ N, 14.90◦ E, 2m above the mean sea level) at
a height of 13m above ground with the WindMaster ultra-
sonic anemometer (Gill Instruments). The location of Senj is
showninFig.1. ItisasmalltownatthenortheasternAdriatic
coast with buildings in general no higher than a few meters
above the ground. The anemometer was mounted on the roof
of the Senj sea-port captaincy building, several meters from
the sea, one of the taller exceptions among the urban facili-
ties. Concerning the urban inﬂuence, Roth (2000) states that
the shapes of the velocity spectra over different urban sites
are in good agreement with the reference rural data. Since
our analysis is mostly based on power spectra, we ﬁnd this to
be a sufﬁcient guarantee that our analysis is not signiﬁcantly
affected by the urban settings of Senj.
The anemometer recorded the data with a frequency of
4Hz. Aliasing of the unresolved frequencies is a factor that
might contaminate the spectra (e.g. Moore, 1986). Neverthe-
less, the true sampling frequency of the anemometer is 40Hz
and the data are block averaged to the outputting 4Hz. This
is so called “digital preﬁltering”, which successfully keeps
aliasing under control (e.g. Kaimal and Finnigan, 1994). The
observed bora episode extends from 7 to 11 January 2006 (a
4 day time series). During this period the ECMWF analy-
sis shows the presence of a deep and persistent anticyclone
above the NE Europe. This anticyclone was already formed
on 7 January 2006 at 00:00UTC and remained stationary up
to 10 January 2006 at 00:00UTC when the cyclone from the
north started to repress it. Figure 2 depicts the 00:00UTC
MSL pressure and the 850, 700 and 500hPa geopotential
height ﬁelds on 9 January 2006. These synoptic conditions
ensure a persistent supply of cold air impinging on the Di-
naric Alps; thus the favourable conditions for the develop-
ment of long-lasting downslope wind in the lee are provided
(e.g. Jurˇ cec, 1981; Heimann, 2001).
The mean wind direction during this event is ≈55◦. The
coordinate system is rotated in the mean direction and the
horizontal wind is decomposed into the along (streamwise)
and cross (transverse) wind components. Figure 3a depicts
the measured 4 day time series of the streamwise velocity
component. The grey segment is the strongest 4h interval in
this event which is chosen for a detailed analysis (Fig. 3b).
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Fig. 2. The ECMWF analysis ﬁelds of (a) MSL pressure, (b) 850hPa, (c) 700hPa and (d) 500hPa geopotential height at 00:00UTC 9
January 2006.
Time units are given in local standard time (LST) which is
an hour ahead of UTC.
3 Theoretical background
3.1 Inertial dissipation method
InordertoevaluatetheTKEdissipationrateε, IDMprovided
by the Kolmogorov’s 1941 hypothesis can be employed (e.g.
Tennekes and Lumely, 1972). It requires the validity of
the Taylor’s hypothesis on frozen turbulence (TH), which is
needed for the transformation from time (frequency, f) to
space (wavenumber, k) domain. The criterion for the validity
of TH is σM <0.5M, where M is the mean horizontal wind
speed and σM is the standard deviation (e.g. Stull, 1988).
AccordingtoKolmogorov, thepowerspectrumfollowsthe
−5/3 law in the inertial subrange:
log[Su(k)]=−
5
3
logk+log

αε
2/3

(1)
where the usual units are valid but neglected in Eq. (1) for
simplicity (e.g. Albertson et al., 1997).
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Fig. 3. (a) A 4 day raw 4Hz data time series (from 7 to 11 January
2006) of the streamwise wind component measured in Senj, with
the 1h mean superimposed. (b) The strongest 4h interval (grey
area in Fig. 3a) chosen for the detailed analysis with the 10min
mean superimposed.
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Fig. 4. (a) The ratio between the transverse v and streamwise u ve-
locity spectra (grey marks) and between the vertical w and stream-
wise u velocity spectra (black marks) showing the approach to the
4/3 ratio required by local isotropy (horizontal solid line), and (b) a
log-log representation of u (thin solid line), v (thin dashed line) and
w (thin dashed-dotted line) velocity power spectrum densities for
the strongest 4h bora interval. The black thick dashed line is the
−5/3 slope. The v and w spectra have been reduced by a factor of
4 and 10, respectively, for presentation.
UsingTHand Eq.(1), ε canbe evaluated from(e.g.Cham-
pagne et al., 1977):
ε=
2π
U

f
5/3Su(f)
α


3/2
(2)
where Su(f) is the spectrum and α is the Kolmogorov con-
stant for the velocity component.
According to Batchelor (1959) and Champagne (1978), a
strong statement of local isotropy and the existence of the
inertial subrange are given by the 4/3 ratios of spectra of
the transverse (v) to streamwise (u) and the vertical (w) to
streamwise (u) wind component. However, several authors
(e.g. Champagne, 1978; Mestayer, 1982) show that the −5/3
law for the streamwise component spectrum can often be ex-
tended outside of the inertial subrange. This fact will be used
as a justiﬁcation for the data analysis presented here.
3.2 Parameterization of ε
In many atmospheric models “local closure” techniques are
used for turbulence parameterization. Starting from the local
one-and-a-half-order closure, ε can be parameterized using
the mean value of TKE (e.g. Mellor and Yamada, 1974):
ε=
TKE
3
3/2
(3)
where TKE=1
2

u
02+v
02+w
02

and u0, v0 and w0 are the tur-
bulent perturbations of the streamwise, transverse and verti-
cal velocity components, respectively, while overbars repre-
sent a suitable averaging. The parameter 3 is the empirical
length scale that is closely related to the size of dissipating
turbulent eddies (a proportionality constant is absorbed in 3
for convenience). By comparing TKE variations with those
of ε and using Eq. (3), one can obtain an insight into the ro-
bustness and consistency of the ε estimation.
4 Results
4.1 Analysis of the strongest bora interval
In order to evaluate ε, we used the IDM method discussed
previously. This method assumes the existence of the iner-
tial subrange which is characterized by local isotropy. Thus,
a test of the local isotropy is performed on our bora wind
data. The strongest bora 4h interval of the 4 day time se-
ries is chosen (Fig. 2b) and the streamwise (Su), the trans-
verse (Sv) and the vertical (Sw) velocity spectra as functions
of frequency are calculated using the fast Fourier transform
(FFT). The spectra were smoothed by block averaging spec-
tral amplitudes using 56 windows with 50% overlap. Each
window contained 1024 data points. Figure 4a shows that
the Sv to Su ratio (grey marks) approximately reaches the
theoretical value of 4/3 for f >0.8Hz, while Sw to Su ratio
(black marks) reaches 4/3 only at the end of the frequency
band (which is the Nyquist frequency of 2Hz). This sug-
gests that an inertial subrange may exist within the frequency
limits measured by the sonic anemometer 13m above the
ground. Piper and Lundquist (2004) found similar result in
their data (shown in their Fig. 1). Figure 4b shows a log-
log representation of Su (solid line), Sv (dashed line) and Sw
(dashed-dotted line) from the 4h interval. There is an indica-
tion of the −5/3 behaviour of spectra outside and nearby the
inertial subrange, as revealed from the comparison with the
−5/3 slope line.
Regardless of whether the inertial subrange exists within
the current frequency limits (Fig. 4a), the IDM is applied
to our data due to the extension of the −5/3 law discussed
in Sect. 3.1. The standard deviation of the total wind speed
for the chosen 4h interval is σM=0.35M, so the application
of TH is justiﬁed. The Kolmogorov constant α=0.53 (e.g.
Champagne, 1978; Oncley et al., 1996; Piper and Lundquist,
2004) is used in Eq. (2). Only streamwise velocity compo-
nent perturbations are used for computing ε using IDM over
the frequency band that best corresponds to the −5/3 slope.
For this interval, U=15.1ms−1, ε=1.22m2 s−3.
4.2 Analysis of the entire bora episode
The purpose of this section is to gain an insight into the evo-
lution of TKE and ε in time as well as in their relationship.
Also, we investigate the dependence of ε on U and esti-
mate 3 over the entire bora episode. In order to deﬁne the
bora near-surface turbulent perturbations for the TKE calcu-
lation, it is important to ﬁnd the scale that delimits the turbu-
lence from the mean and/or mesoscale ﬂow. This is not al-
ways straightforward, particularly in the complex ﬂow such
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Fig. 5. A lin-log representation of the mean power spectrum of
the streamwise velocity component (solid curve) for the entire bora
episode. The vertical lines denote the periods of 10min (dotted
line), 5min (dashed-dotted line) and 1min (dashed line). Vertical
error bar shows the 95% conﬁdence interval.
as the bora wind where several scales interact (e.g. Grubiˇ si´ c,
2004; Beluˇ si´ c et al., 2007; Gohm et al., 2008; Grisogono
and Beluˇ si´ c, 2009). Hence, we ﬁrst explore the proper value
of the bora turbulence limit scale using different approaches.
The limit is usually deﬁned in terms of spectra, more specif-
ically, by an assumed energy gap at the mesoscale (e.g. Met-
zger and Holmes, 2008). However, the gap is not present
in a number of situations; hence the difﬁculty in determin-
ing the scale. Figure 5 depicts the u component spectrum
representing the mean value of spectra calculated from the
16 consecutive bora intervals within the 4 day time series
that are 6h long. Each spectrum was obtained from FFT
andsmoothedbyblockaveragingspectralamplitudesusing3
windowswith50%overlap. Awindowcontained86400data
points. While there is a noticeable energy gap at ∼10min
period, the energy peak appearing at slightly smaller periods
(around 5min) originates from the non-local quasi-periodic
pulsations (Beluˇ si´ c et al., 2004). The pulsations are the man-
ifestation of Kelvin-Helmholtz instabilities appearing in the
approximately 1km thick layer of strong wind shear above
the bora jet, at heights above 500m (Beluˇ si´ c et al., 2007).
While these features are at the border between waves and tur-
bulence, they are not related to local generating mechanisms
and therefore should not be taken into consideration as the
local turbulence. Since the peak related to pulsations is not
sharp, it appears that the local turbulence clearly occurs only
at periods ≤1min, as in Beluˇ si´ c et al. (2006). The latter can
be further substantiated as follows.
The relationship between the standard deviation of the
streamwise velocity component, σu, and U in the surface
layer is usually linear (e.g. Stull, 1988), which was shown
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Fig. 6. (a) The scatter plot of σu, obtained by subtracting the 1min
moving average from the entire bora episode, vs. U. The solid line
represents the Eq. (4a) ﬁt. (b) The power coefﬁcients b from (a), for
different moving averages subtracted from the entire bora episode.
by Beluˇ si´ c et al. (2006) to be valid for the local bora turbu-
lence. In order to examine the relationship for different limit
scales, moving averages with lengths from 1min to 1h have
been subtracted from the entire 4 day bora episode to deter-
mine the perturbations. Then a power law of the form:
σu =a
 
U
b
(4a)
was ﬁtted to the scatter diagrams of σu vs. U for different
moving averages (the ﬁtting procedure is described near the
end of this section). Figure 6a depicts the scatter diagram
with σu obtained by subtracting the 1min moving average,
and the ﬁt whose power coefﬁcient b is 1.025. The values of
σu and U were averaged for each hour of the whole 4 day
bora episode. Figure 6b shows the power coefﬁcient b rela-
tive to the moving average length. Expecting b to be 1, it is
clear that the closest value is achieved for the 1min moving
average. Therefore, based on the two approaches above we
have decided to use the 1min moving average for determina-
tion of the local turbulence perturbations in this bora episode.
Due to similarity with other bora episodes studied by Beluˇ si´ c
et al. (2004, 2006), it seems that this limit scale may be rec-
ommended for other bora cases.
The IDM method for the ε evaluation presented in Sect. 3
is applied to the entire bora episode. The 1min running av-
erage is subtracted from the observed bora episode and the
residuals are deﬁned as turbulent perturbations. This newly
formed bora time series is divided into 96 intervals of 1h
length. For each of the intervals, the possibility of TH imple-
mentation is tested by calculating the criterion required by
TH. All the intervals satisfy this criterion. As before, spectra
are calculated using FFT, but this time smoothed by block
averaging of 14 windows with 50% overlap. Each window
contains 1024 data points.
Figure 7a depicts the time evolution of TKE, and ε eval-
uated independently. It is seen that the time series closely
follow each other, which indicates a signiﬁcant degree of ro-
bustness in the ε estimation. The TKE values in the strongest
part of the bora episode reach 20Jkg−1. Figure 7b shows the
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Fig. 7. (a) Time evolution of TKE (black marks) and ε evaluated by
IDM (grey marks), and (b) time evolution of the empirical length
scale parameter 3 estimated from Eq. (3) during the entire 4 day
bora episode.
time evolution of 3 estimated from Eq. (3). The mean value
of 3 during the entire bora episode is ≈60m, which indi-
cates the average eddy size at which ε is most effective in
dissipating TKE at the height of the sensor.
Since TKE is deﬁned as in Eq. (3), and σu ∝U, one can
easily show that TKE∝
 
U
2
. Therefore, from Eq. (3) it fol-
lows that ε∝
 
U
3
. All these relations can be written as:
y =axb (4b)
where a and b are coefﬁcients while x and y represent a cer-
tain pair of variables. Here we also deﬁne theoretical values
of b as bt=2, for x = U and y=TKE; and bt=3, for x = U
and y =ε. Likewise, for Eq. (3) by deﬁnition bt=1.5. These
relations (i.e., coefﬁcients) are tested by ﬁtting scatter dia-
grams of ε vs. TKE, TKE vs. U, and ε vs. U, using the least
squares method. In order to evaluate properties of an esti-
mator (Eq. 4b), 100 different samples containing 80 % ran-
domly chosen data points from a certain scatter diagram are
constructed (the bootstrapping method). Each of these sam-
ples is ﬁtted to obtain the values of coefﬁcients a and b for
the estimator. Finally, we apply the linear regression to cal-
culate the correlation coefﬁcient squared, r2, which provides
the efﬁcacy of the ﬁt. For a comparison with the previous
theoretical values of the coefﬁcients bt, the whole procedure
is repeated, now with a priori assigned power coefﬁcients bt
of the estimator:
yt =atxbt. (4c)
The corresponding correlation coefﬁcient squared for
Eq. (4c) is r2
t . The results are shown in Table 1 and Fig. 8.
Figure 8 depicts the scatter diagrams. The solid line
denotes the ﬁt with a priori unknown coefﬁcients, while
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Fig. 8. Scatter plots of (a) ε vs. TKE, (b) TKE vs. U, (c) ε vs. Uand
(d) ε vs. u∗ for the entire bora episode. Solid lines are ﬁts with
the a priori unknown coefﬁcients a and b from the relation (4b).
Dashed lines are ﬁts with the a priori known coefﬁcient bt from the
relation (4c).
the dashed line denotes the ﬁt with the theoretically as-
signed coefﬁcient bt. The correlation coefﬁcient for the ε
vs. TKE scatter diagram (Fig. 8a) is relatively high for both
ﬁts (r2=0.912 for the a priori unknown coefﬁcients a and
b; r2
t =0.903 for the theoretically assigned coefﬁcient bt),
which indicates a strong relation between the two variables.
While theory requires for ε to be proportional to TKE1.5
as in Eq. (3), our data suggest the ε being proportional
to ≈TKE1.3. The length-scale parameter 3, calculated as
(at)−1, where at is the linear coefﬁcient of the dashed ﬁt, is
60.2m. The correlation coefﬁcients for TKE vs. U (Fig. 8b)
and ε vs. U (Fig. 8c) for both ﬁts are not as high, but are still
signiﬁcant.
In order to compare our results for ε with the similarity
estimate, we have calculated u∗ and used the values to nor-
malize ε as deﬁned e.g. in Piper and Lundquist (2004):
8ε =
khε
u3
∗
, (5)
where u2
∗ =
q
u0w02
+v0w02
, k is the von Karman’s constant,
taken here to be 0.4 (e.g. Albertson et al., 1997), and h is
the height of the instrument above ground. Since we did not
measure temperature, we can not estimate stability range for
thisboraepisode. However, itisreasonabletoassumeneutral
to weakly stable surface layer during a strong bora event far
down the mountain lee (e.g. Grisogono and Beluˇ si´ c, 2009).
Wyngaard and Cot´ e (1971) expect for 8ε in the neutral atmo-
spheric conditions to be 1. We have ﬁtted the scatter diagram
of ε vs. u∗ (Table 1; Fig. 8d) using Eq. (4c) with the a priori
assigned coefﬁcient bt=3 and calculated the normalized ε as
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Table 1. Results of the ﬁtting procedure. Each row contains ﬁtting coefﬁcients for a certain pair of variables addressed in the ﬁrst column.
These variables are evaluated over the 4 day bora episode. Given are the mean values and standard deviations of the a priori unknown
coefﬁcients a and b from the relation (4b), and the coefﬁcient at from the relation (4c), where bt is the a priori known theoretical coefﬁcient.
Also, the corresponding correlation coefﬁcients squared r2 and r2
t are shown.
Variables pair a σa b σb bt at σat r2 r2
t
x =U;y =σu 0.197 0.015 1.026 0.031 1 0.209 0.001 0.733 0.732
x=TKE; y=ε 0.027 0.001 1.303 0.024 1.5 0.0166 0.0001 0.912 0.903
x =U; y=TKE 0.101 0.014 1.873 0.059 2 0.073 0.001 0.656 0.653
x =U; y =ε 0.0010 0.0002 2.607 0.104 3 0.00030 0.00001 0.682 0.674
x =u∗; y =ε – – – – 3 0.179 0.002 – 0.821
8ε =atkh=0.93. This is reasonably close to the expected
value of Wyngaard and Cot´ e (1971) and in agreement with
the values from Piper and Lundquist (2004), their Fig. 8.
4.3 Comparison with parameterizations in numerical
models
Many current state-of-the-art atmospheric numerical models
still use the Blackadar length-scale parameterization, deﬁned
as in e.g. Mellor and Yamada (1974):
3=Ckh
 
1+kh

l0

, (6)
where the constant C ≈ 5.3 for the neutral boundary layer,
l0 = β
∞ R
0
qzdz
,
∞ R
0
qdz, the constant β=0.1, z is the height
above ground and q =
√
2TKE. We have compiled a num-
ber of vertical TKE proﬁles from different bora episodes and
from two different models: MEMO6 (Mesoscale Model, ver-
sion 6) mesoscale model, previously used for simulations of
several bora events (Beluˇ si´ c and Klai´ c, 2004), and the WRF-
ARW (Weather Research and Forecasting – Advanced Re-
search WRF) model using the Mellor-Yamada-Janjic turbu-
lence parameterization scheme (Veˇ cenaj et al., 2009).
The values of 3 were calculated on the basis of these pro-
ﬁles. For each of the considered cases it amounts to ≈25m.
The model-based 3 obviously underestimates the one de-
rived here from TKE and ε values. This may imply an in-
adequacy of the Blackadar type of parameterizations for the
bora related turbulence.
5 Discussion and conclusions
Certain properties of the near-surface turbulence related to
the bora downslope windstorm are addressed. For the ﬁrst
time, the TKE dissipation rate, ε, during a bora event is es-
timated reliably. A typical bora case lasting for a couple of
days in the town of Senj that is well-known for the frequent
bora occurrence is presented. The analysis is performed us-
ing 4Hz wind data.
Following Kaimal and Finnigan (1994), the ideal choice
of sampling frequency is the one that reveals at least two oc-
taves of the inertial subrange. With respect to h and U in
our measurement setup, that would be ≈10Hz. Thus, for a
more detailed study of the bora inertial subrange and more
conclusive results about the bora related ε, measurements of
bora wind with at least 10Hz sampling frequency are needed
in future.
Although there was an initial doubt about the existence of
the isotropic inertial subrange within frequencies available
from the data, it is seen that the −5/3 slope extends sufﬁ-
ciently towards lower frequencies. Estimations of ε using
the inertial dissipation method, IDM, applied to the stream-
wise velocity component and normalized with u3
∗, agree well
with previous studies. Application of IDM to the transverse
or vertical velocity component using a modiﬁed Kolmogorov
constant, αm=4/3α (e.g. Oncley et al., 1996), shows similar
values of ε to those derived from the streamwise component.
The TKE values during the bora episode addressed here
reach 20Jkg−1. This is comparable with the values from
Beluˇ si´ c and Klai´ c (2006). The TKE time series closely fol-
low the IDM values of ε, which indicates the robustness of
the ε estimate.
As expected, both ε and TKE increase with increasing the
mean streamwise velocity component, U. Our data suggest
that in this bora episode ε is proportional to ≈TKE1.3. This
model explains 91% of ε vs. TKE variance. The Eq. (4c) ﬁt
to the ε vs. TKE scatter diagram with the a priori proposed
power coefﬁcient bt=1.5, as suggested in Eq. (3), leads to
the length-scale parameter 3 of ≈60m. This value appears
to be larger than those obtained from atmospheric numerical
models, which indicates a possibility for improvements of
turbulence parameterizations in models.
Future work related to the near-surface bora turbulence
will include the analysis of the 4Hz data for a variety of
bora episodes, categorized by their nature (type), strength
and seasonal period. In this way, a comprehensive picture
of the bora-related near-surface turbulence will be revealed.
At the same time, new ﬁeld campaigns with sufﬁciently high
sampling rates should be planned for a more thorough insight
into the nature of bora turbulence.
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